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ABSTRACT 
The results of a  theoretical study of microwave beam absorption by a  Rectenna is given. Total absorption ofthe power 
beam is shov~n to be theoretically possible. Several improvements in the Rectenna design are indicated as a  result of 
analytic modeling. The nature of Rectenna scattering and atmospheric effects are discussed. 
INTRODUCTION 
A workable Solar  Power S a t e l l i t e  system w i l l  
depend upon the  e f f i c i e n t  free-space t ransmission of 
energy t o  e a r t h  v i a  an environmentally benign micro- 
wave beam. The "Rectenna", a  l a r g e  a r r a y  of dipole- 
diode devices which captures  and r e c t i f i e s  microwave 
power from s a t e l l i t e s ,  embodies an ercerging technology 
pioneered by William C. ~ r o w n l  of Raytheon. ~ r o w n ~  
and Richard ~ i c k i n s o n ~  of JPL have reported t e s t s  on 
experimental Rectenna a r r a y s  which have achieved 
microwave t o  dc conversion e f f i c i e n c i e s  exceeding 80%. 
However, c l a s s i c a l  antenna theory t e l l s  us t h a t  an 
i s o l a t e d  d ipo le  must r e - rad ia te  a s  much energy a s  i t  
d e l i v e r s  t o  a  properly matched load.  Because of a  
frequently expressed concern over whether o r  not  
t h i s  antenna theory was i n  con t rad ic t ion  with experi- 
mental Rectenna r e s u l t s ,  Novar E lec t ron ics  Corporation 
undertook t h e  t a sk  of developing a  t h e o r e t i c a l  model 
which desc r ibes  t h e  absorpt ion of a  microwave beam 
by a  very l a r g e  Rectenna. I n  view of the  s i z e  and 
scope of t h e  SPS program, i t  i s  important t o  theoret-  
i c a l l y  determine whether a  rectenna a r r a y  of the  
re fe rence  system design can t o t a l l y  absorb the  power 
beam--that i s ,  produce no s c a t t e r i n g .  I n  add i t ion ,  
it is d e s i r a b l e  t o  s tudy the  microwave absorpt ion 
process i n  order  t o  provide a  t h e o r e t i c a l  model 
f o r  t h e  s imulat ion of design improvements and, because 
of concerns about poss ib le  electromagnet ic  i n t e r -  
ference from the  rectenna,  t o  ob ta in  add i t iona l  in- 
s i g h t s  i n t o  the  rec tenna ' s  s c a t t e r i n g  p roper t i e s .  
Novar's work demonstrates no t  only t h a t  the  
t h e o r e t i c a l  absorpt ion l i m i t  i s  i n  f a c t  100% but  t h a t  
the  number of elements required f o r  t o t a l  absorpt ion 
per u n i t  a rea  can be g r e a t l y  reduced, s i g n i f i c a n t l y  
reducing the  cos t  of the  Rectenna. Resul ts  f u r t h e r  
i n d i c a t e  t h a t  Rectenna panels  can be made to  t o t a l l y  
absorb a t  any angle of incidence by a d j u s t i n g  r e f l e c -  
t o r  and element spacing and load impedance. This 
suggests  a  f l a t  o r  t e r r a i n  conforming Rectenna 
e l imina t ing  the  need f o r  t h e  "bi l lboard" o r  "Venetian 
blind" design and e s s e p t i a l l y  conforming to  the  
t e r r a i n .  Also, t h e  screen r e f l e c t o r  should be 
able  t o  be replaced by p a r a s i t i c  r e f l e c t o r  d ipo le  
elements. 
Deviations from condit ions required f o r  t o t a l  
absorpt ion give r i s e  t o  s c a t t e r i n g ,  and the  r e s u l t i n g  
losses  due t o  v a r i a t i o n s  from design c e n t e r  values 
f o r  s e v e r a l  parameters a r e  shown. The d i r e c t i o n a l i t y  
of fundamental and harmonic s c a t t e r i n g  from a Rectenna 
i s  described.  Among the f a c t o r s  causing s c a t t e r i n g  
t h a t  were s tudied a r e  microwave beam depola r iza t ion  
power absorpt ion process .  Two such models were derived 
from Maxwell's equat ions.  These models quant ify con- 
d i t i o n s  f o r  t o t a l  absorpt ion of the  power beam by a  
Rectenna and provide values f o r  s c a t t e r i n g  l o s s e s  due 
to  dev ia t ions  i n  each condit ion.  
CURRENT SHEET RECTENNA MODEL 
The f i r s t  model i s  based on t h e  c u r r e n t  sheet  equiv- 
alency of a  l a rge  planar  a r r a y  above a  r e f l e c t o r  a s  shown 
i n  Figure 1. The cur ren t  shee t  has the  p roper t i e s  of 
r e s i s t i v e  absorbers  described by ~ a s i k 4  and ~ r a u s ~ .  The 
model is mathematically character ized by an expression 
f o r  the f r a c t i o n  of an inc iden t  plane wave's power t h a t  
i s  r e f l e c t e d  from t h e  sheet .  
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CURRENT SHEET RECTENNA MODEL 
This expression,  which agrees with J a s i k ,  and f o r  
which no der iva t ion  could be found i n  t h e  l i t e r a t u r e ,  
is determined a s  follows. F i r s t ,  Maxwell's equat ions 
a r e  solved to  ob ta in  general  expressions f o r  the elec-  
t r i c  and magnetic f i e l d s  i n  t h e  region above t h e  cur- 
r e n t  shee t  and i n  the  region between t h e  cur ren t  shee t  
and t h e  r e f l e c t o r  su r face .  
Next, the boundary condit ions a r e  s a t i s f i e d  a t  
the i n f i n i t e l y  conductive r e f l e c t o r  su r face  and then 
a t  t h e  c u r r e n t  shee t  a s  the  thickness of the  cur ren t  
shee t  is allowed t o  become very th in .  This y i e l d s  
expressions f o r  t h e  waves a t  t h e  su r face  of t h e  cur- 
r e n t  shee t .  The expressions a r e  then solved simul- 
taneously f o r  the  power r e f l e c t i o n  c o e f f i c i e n t ,  the  
f r a c t i o n  of power r e f l e c t e d  by the  cur ren t  shee t .  I t  
is expressed by e i t h e r  Equation l a  o r  l b ,  following, 
depending upon t h s  p o l a r i z a t i o n  of the  inc iden t  wave.* 
amd amplitude f luc tua t ions  caused by dis turbances i n  
the atmosphere. Included i n  t h i s  category i s  "dif-  "po la r iza t ion  is defined by the r e l a t i o n s h i p  of t h e  
f r a c t e d  s i g n a l  enhancement", the  d i f f r a c t i v e  e f f e c t s  inc iden t  wave's e l e c t r i c  f i e l d  vec to r ,  E, to  t h e  plane 
of l a r g e  ob jec t s  f ly ing  over the  Rectenna, which can of incidence,  the  plane determined by rays  i n  the  
be expected to  cause t r a n s i e n t  s igna l  inc reases  a s  d i r e c t i o n s  of propagation of t h e  inc iden t  and r e f l e c t e d  
l a rge  a s  9 dB which must be taken i n t o  account i n  t h e  waves. When E is p a r a l l e l  t o  the  plane of incidence, 
rectenna design. the  wave is s a i d  t b  be p a r a l l e l  polar ized.  When E 
Because of the  d i f f i c u l t y  i n  t ry ing  t o  analyze is perpendicular  t o  t h e  plane, the  wave is s a i d  t o  be 
a  l a r g e  a r ray  of i n t e r a c t i n g  d ipo les  using mutual perpendicular ly polar ized.  (Any other  po la r iza t ion  
impedance ana lys i s ,  i t  was necessary t o  develop another  can be decomposed i n t o  a  combination of p a r a l l e l  and 
type of mathematical model desc r ip t ive  of the  microwave perpendicular po la r iza t ion . )  
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Perpendicular Po la r iza t ion  
s p e c i a l  "imaging" c h a r a c t e r i s t i c s  and has the  a b i l i t y  
t o  al low only plane wave propagation. The waveguide 
is rec tangu la r  i n  shape with a  probe (monopole) in- 
s e r t e d  through the middle of one of t h e  walls .  How- 
ever unl ike "conventional" waveguides, t h e  two walls  
p a r a l l e l  t o  t h e  monopole a r e  nonconductive and "mag- 
ne t i c"  (u = m, o  = O), with the o ther  two wal l s  being 
p e r f e c t l y  conductive (o = a ) .  When we so lve  the  
equat ions describing t h e  na tu re  of wave r e f l e c t i o n s  a t  
du/c 
(--- 2 2nd sec8 - 1 )  + c o t  (T cose) 
2 Ro 
where : 
Ro i s  t h e  res i s t ance  of t h e  cur ren t  shee t  i n  ohms 
per  square* , 
'd i s  the  angle of incidence of the received wave 
a s  measured from the normal, 
d  i s  t h e  separa t ion  between t h e  cur ren t  shee t  and 
r e f l e c t o r ,  
X i s  t h e  wavelength, 
E and u a r e  the  p e r m i t t i v i t y  and permeabil i ty ,  
respective1.y. 
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The expressions above demonstrate t h a t  t o t a l  
absorpt ion i s  t h e o r e t i c a l l y  poss ib le  f o ~ o r m a l  in- 
cidence (8 = 0) when d = A / &  and % = J ~ / E  = 377 ohms 
f o r  f r e e  space.  The power r e f l e c t i o n  c o e f f i c i e n t  and 
re f l ec ted  power a s  func t ions  of dev ia t ions  i n  Ro, d ,  
or  8  from those values required f o r  t o t a l  absorpt ion 
a t  normal incidence a r e  shown i n  Figure 2. 
The model f u r t h e r  p r e d i c t s  t h a t  a  Rectenna can be 
designed f o r  t o t a l  absorpt ion f o r  beam angles  off  nor- 
mal incidence.? This l eads  to  the  p o s s i b i l i t y  of a  
Rectenna t h a t  can be b u i l t  to  l i e  f l a t  on the  ground 
and be e s s e n t i a l l y  " t e r r a i n  conforming". This type of 
Zectema a r r a y  has severa l  advantages over t h e  " b i l l -  
board" o r  "venetian blind" construct ion of t h e  re fe r -  
ence system: 1 )  much l e s s  excavation i s  required,  
2) there is t h e  p o t e n t i a l  to  suspend the elements 
and r e f l e c t o r  screen above farms, bu i ld ings ,  e t c . ,  
and 3) l e s s  s c a t t e r i n g  i s  an t i c ipa ted  because the re  
a r e  no "bi l lboard" edges t o  cause d i f f r a c t i o n  of the 
power beam. 
This cur ren t  shee t  Rectenna model provides a  
"macroscopic view" of the  microwave absorpt ion pro- 
cess .  Novar has developed a  second model which pro- 
vides an i n s i g h t  i n t o  the r o l e p l a y e d b y  the  ind iv idua l  
Rectenna elements. Moreover i t  provides an independ- 
en t  t h e o r e t i c a l  confirmation of the  a b i l i t y  of the  
Rectenna to  t o t a l l y  absorb the power beam. 
WAVEGUIDE RECTENNA NODEL 
The second model q u a n t i f i e s  the  electromagnetic 
modes ( f i e l d  conf igura t ions )  i n  the  immediate v i c i n i t y  
of a  Rectenna element i n  the Rectenna a r ray  and gives 
l i m i t s  f o r  t h e  element spacing which permit t o t a l  
power beam absorpt ion by preventing unwanted modes 
from propagating ( s c a t t e r i n g ) .  This model is based 
on the pro e r t i e s  of a  s p e c i a l  waveguide describe,d 
by Wheelerg i n  h i s  ana lys i s  of c e r t a i n  aspec t s  of a  
l a rge  planar  a r ray .  S p e c i f i c a l l y ,  the  waveguide has 
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FIGURE 2 
POWER REFLECTION COEFFICIENT AND REFLECTED 
POWER LEVEL OF THE CURRENT SHEET RECTENNA 
MODEL AS A FUNCTION OF VARIOUS PARAMETERS 
*Resistance per square i s  t h e  r e s i s t a n c e  between 
opposi te  edges of a  square s l a b  of r e s i s t i v e  mate r ia l  
and the re fore  i s  independent of t h e - s i z e  of the  square. 
t ~ i t h  A'f ixed,  and given any 8,  the re  i s  an % and 
d such t h a t  I P I ' = 0. 
the  wa l l s ,  i t  i s  found t h a t  a monopole i n  t h i s  type of 
waveguide, which we w i l l  c a l l  a "mixed-wall" waveguide, 
produces an i n f i n i t e  a r r a y  of image d ipo les  with cur- 
r e n t s  of i d e n t i c a l  magnitude and phase a s  depicted i n  
Figure 3.* Conversely, an i n f i n i t e  a r r a y  of i d e n t i c a l  
d ipo les  wi th  cur ren t s  of i d e n t i c a l  magnitude and 
phase can be replaced by a s i n g l e  monopole i n  a mixed- 
wall  waveguide t o  analyze t h e  behavior of a d ipo le  a s  
i l l u s t r a t e d  by Figure 4. Since t h e  power beam is 
nearly uniform i n  power dens i ty  over q u i t e  a l a r g e  
area,  d i p o l e s  within a f a i r l y  l a r g e  a r b i t r a r i l y  
s e l e c t e d  a r e a  of the  Rectenna w i l l  have cur ren t s  
near ly  uniform i n  magnitude and phase which can be 
c lose ly  approximated f o r  t h a t  a r e a  by an i n f i n i t e  
a r ray .  Thus the  behavior of a d ipo le  which def ines  
t h e  c e n t e r  of t h i s  a r e a  can be accura te ly  modeled by 
the  behavior of a monopole i n  a mixed-wall waveguide. 
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IMAGING PROPERTIES OF MIXED-WALL 
WAVEGUIDE WITH MONOPOLE 
The f i r s t  s t e p  i n  ana lys i s  of t h i s  monopole's 
behavior is t o  determine what modes can propagate i n  
the  mixed-wall waveguide? and under what condit ions.  
We want t h e  TEM mode to  be t h e  only mode t h a t  can 
propagate. This TEM mode i s  the  same f i e l d  configur- 
a t i o n  a s  t h a t  of the  power beam, i , e . ,  a plane wave. 
I f  o the r  modes propagate, s c a t t e r i n g  i s  taking place.  
Since the  s i d e  wa l l s  of a mixed-wall waveguide a s  
shown i n  Figure 3 a r e  non-conductive and "magnetic", 
the mixed-wall waveguide is s i m i l a r  t o  a s t r i p - l i n e  
f o r  the  TEM modes. Thus t h i s  waveguide w i l l  support  
the  TEM mode a t  the power beam frequency independent 
of the  waveguide dimensions. 
Next, t h e  p roper t i e s  of t h e  mixed-wall waveguide 
f o r  the  higher  order  modes a r e  derived i n  order  not  
only t o  determine the condit ions required f o r  t h e i r  
evanescence but  a l s o  t o  al low us t o  desc r ibe  the  near  
f i e l d s  around the monopole. To do t h i s ,  Maxwell's 
equat ions a r e  solved t o  ob ta in  wave equat ions which 
a r e  then modified by mathematical decomposition t o  
put them i n t o  an e f f i c i e n t  form f o r  so lu t ion .  The 
wave equat ions a r e  then solved t o  ob ta in  general  
equations f o r  the magnetic and e l e c t r i c  f i e l d s  i n  t h e  
mixed-wall waveguide. These equat ions a r e  funct ions 
of p a i r s  of i n t e g e r s ,  one i n t e g e r  of which is associ-  
a ted  with t h e  "a" dimension i n  Figures 3 and 4, and 
the  o ther  with "b". Spec i f i c  values f o r  t h e  in te -  
gers  i n  a p a i r  de f ines  a mode. The higher  order  
modes have e i t h e r  t r ansverse  magnetic o r  t r ansverse  
e l e c t r i c  f i e lds .$  These a r e  respec t ive ly  designated 
the  TMfg and t h e  TE, modes, where f and n a r e  
0,1,2,3, ...; g and m a r e  1,2,3,  .... 
FIGURE 4 
SECTION OF INFINITE ARRAY OF DIPOLES MODELED BY 
A MONOPOLE IN A "MIXED-WALL" WAVEGUIDE 
Inspec t ion  of t h e  mode equat ions shows t h a t  the  
lowest cu to f f  frequency f o r  higher  order  TM modes is 
assoc ia ted  with TMOl and t h a t  f o r  the  TE modes is 
the  TElo. This means t h a t  a t  a given frequency the  
smal les t  c r i t i c a l  dimensions f o r  propagation a r e  
assoc ia ted  with those two modes. The nex t  l a r g e r  
c r i t i c a l  dimension i s  a ssoc ia ted  with t h e  TE20. 
The TElo mode is a c t u a l l y  non-existent i n  our 
mixed-wall waveguide/monopole conf igura t ion  because 
i t  is no t  generated when t h e  monopole is loca ted  i n  
t h e  cen te r  of t h i s  s p e c i a l  type of waveguide?*This 
r e s u l t s  i n  the  c r i t i c a l  dimensions f o r  higher  mode 
* ~ n a l o ~ o u s  t o t h e  s tudy of o p t i c a l  r e f l e c t i o n s  from 
mir ro rs ,  t h e  "metho'd of images" shows t h a t  t h e  f i e l d s  
within t h e  mixed-wall waveguide boundaries a r e  t h e  same 
a s  though the re  was no waveguide but only t h e  monopole 
and an i n f i n i t e  number of i d e n t i c a l  magnitude and 
phase images. 
b o d e s ,  which a r e  t h e  various f i e l d  conf igura t ions  
t h a t  can e x i s t  within a waveguide, have t h e  property 
t h a t  f o r  a given frequency they a r e  evanescent (non- 
propagating) f o r  waveguide dimensions l e s s  than c e r t a i n  
c r i t i c a l  values,  which a r e  c a l l e d  "cutoff" dimensions, 
and can propagate f o r  any dimensions g r e a t e r  than those 
values.  Each mode has  i t s  own s e t  of cu to f f  dimensions. 
Conversely, f o r  a given s e t  of waveguide dimensions, 
the re  is a c r i t i c a l  frequency f o r  each mode (ca l l ed  
the  cu to f f  frequency) below which the  mode i s  evanes- 
can t  and above which i t  can propagate. 
S ~ r a n s v e r s e  means no component i n  t h e  + z d i r e c t i o n  
i n  Figure 3. 
* * ~ b t e  t h a t  "mode-hopping", t h e  generat ion of modes 
due t o  waveguide imperfect ions,  i s  not  a problem here  
because t h e  waveguide is  assumed t o  be i d e a l .  
HZ = o + 1 1 hn s i n  JEi cos e -'mnz 
propagation being determined by t h e  TMOl and t h e  
m = l  m=O b 
TE20. S p e c i f i c a l l y ,  f o r  evanescence of a l l  higher  
modes, those c r i t i c a l  dimensions r e s t r i c t  the  wave- 
guide dimensions t o  be l e s s  than one wavelength i n  - - 
the "a" d i r e c t i o n  and l e s s  than one ha l f  wavelength 
i n  t h e  "b" d i r e c t i o n .  (This is equivalent  t o  a E Z = O + l  1 B f g ~ ~ ~ % ~ i n F e - a f g z  
Rectenna element spacing of j u s t  under one wavelength.) f=O g=l  
m m j wunn -amz 
E x = O + l  1 - &, s i n  s i n  e 
m=l n=0 k2 b 
The t o t a l  e l e c t r i c  f i e l d ,  g, and t h e  t o t a l  mag- cmn 
n e t i c  f i e l d ,  g, i n  the  mixed-wall waveguide a r e  each 
sums of  the va r ious  f i e l d  conf igura t ions  o r  modes t h a t  
e x i s t  i n  the waveguide. Now E and 3 a r e  vector  sums -a f 
of r espec t ive  f i e l d  components i n  the  x, y, and z + i 1 B~~ s i n  s i n  e -lfgZ 
f=O g=l  k d i rec t ions  of Figure 3 .  Thus f o r  " + z directed" 
f i e l d  components, g and 5 can be represented by the  c fg  
equations given i n  Table I, where Am and Bf a r e  
respec t ive ly  the  maximum amplitudes of HZ an8 EZ, 
= v e-jBoo~ -a 7. Go is t h e  maximum amplitude of the  H f i e l d  of t h e  y E 00 
TEM wave. The a ' s  and 6 ' s  a t  the  bottom of t h e  m=l n=O kcma a b 
t ab le  a r e  respec t ive ly  the r e a l  and imaginary p a r t s  
of the  expressions shown f o r  the Y ' S .  The terms 
involving double summations represen t  the  "sums of a f g V  +: 1 ,B c o s F c o s T e  -fgz t h e  higher  o rder  modes". The leading terms i n  t h e  
equations f o r  Ey and Hx a r e  t h e  equat ions f o r  the  f.0 g=l  kcfgb, f g  
TE?f mode. I f  t h e  higher o rder  modes a r e  evanescent, 
then the double summation terms a r e  components of 
the  f i e l d s  assoc ia ted  with r e a c t i v e  power. 
m amnmr 
Hx = Kooe A,,,~ cos E cos 
m=l n=O k2 a 
cmn 
I f  a r e f l e c t o r  o r  shor t ing  p l a t e  is inse r ted  i n  
t h e  waveguide behind t h e  monopole, a s  shown i n  Figure 
5, t h e  s i t u a t i o n  i s  equivalent  t o  the  i n f i n i t e  a r r a y  cos fnx cos 82111 e 
of d ipo les  i n  Figure 4 being backed by a r e f l e c t o r .  b 
A s e t  of equat ions analagous t o  those i n  Table I can 
then be generated f o r  the "-z directed" f i e l d  com- 
ponents of t h e  waves r e f l e c t e d  from t h e  shor t ing  p l a t e .  - a m p  -amz 
Summing the  +z and -z d i rec ted  f i e l d  components i n  the  $ = 0 + 1 1 7A,,,n s i n  s i n  E!!Y e 
neighborhood of the  monopole gives r i s e  t o  a s e t  of m = l  n=O kcmnb b 
equations of t h e  same form a s  those i n  a conventional 
waveguide backed by a shor t ing  p l a t e .  These equat ions 
e s t a b l i s h  matching requirements on t h e  monopole and jw~g.rr -a z 
load impedances and spacing of the  monopole from t h e  +:  1  sinsin in e 
shor t ing  p l a t e  s o  t h a t  the non-evanescent wave does f=O g=l  kcfgb b 
not propagate back up the  waveguide toward t h e  source. 
Since i t  i s  w e l l  known t h a t  a probe i n  a conventional 
waveguide backed by a shor t ing  p l a t e  can t o t a l l y  ab- 
sorb a l l  power flowing down t h e  waveguide1, it is 
the re fore  expected t h a t  a probe (monopole) i n  a mixed- 
wall  waveguide can a l s o  t o t a l l y  absorb a l l  power ymn = sn + j  Bmn flowing down t h a t  type of waveguide. Therefore t o t a l  
. - - 
absorpt ion of t h e  plane wave power beam by a d ipo le  i n  
a Rectenna is expected when t h e  separa t ion  between 
dipoles  i s  wi th in  l i m i t s  d i c t a t e d  by t h e  mixed-wall 
waveguide model's dimensions which r e s t r i c t  propa- J Z  f n 2  g n 2  = cr + j B  = k - ( - ( )  = 
gat ion i n  t h a t  waveguide t o  the  TEM mode. Y f g  f g  f g  
Since t h e  waveguide dimensions which r e s t r i c t  
propagation to  t h e  TEM mode is  l e s s  than h i n  t h e  
"a" d i r e c t i o n  and l e s s  than A12 i n  t h e  "b" d i r e c t i o n  
of Figures 3 and 4 ,  and s i n c e  t h e  separa t ion  between 
the cen te r s  of  t h e  dipoles  is "a" by "2b" a s  can be 
seen from Figure 4 ,  then the  maximum allowable sep- 
a r a t i o n  of t h e  c e n t e r s  of d ipo les  f o r  t o t a l  absorp- 
t i o n  of a plane wave, f o r  t h e  rectangular  g r id  
configurat ion of Figure 4,  is j u s t  under one wave- 
length.  
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TABLE I 
ELECTROMAGNETIC FIELD EQUATIONS 
FOR A MIXED-WALL WAVEGUIDE 
Equations shown are for total " + z directed" portion of the field 
components in a mixed-wall waveguide. With appropriate sign changes, 
equations express the "- z directed" components. 
+z [Direction of energy 
flow do- waveguklel 
pole a s  can be done e a s i l y  i n  a conventional wave- 
guide and still  t o t a l l y  absorb the energy t rave l ing  
down t h e  waveguide, then the  R e c t e ~ a  r e f l e c t o r  
should be replaceable by p a r a s i t i c  d ipo le  elements, 
a s  depicted i n  Figure 6. 
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FIGURE 6 
RECTENNA WITH PARASITIC REFLECTING 
DIPOLE ELEMENTS 
MONOPOLE IN MIXED-WALL WAVEGUIDE 
BACKED BY SHORTING PLATE 
HARMONIC FILTER 
ELEMENT DENSITY 
The ex i s tence  of non-evanescent higher  order  
modes corresponds t o  the  ex i s tence  of g r a t i n g  lobes.  
Analysis of the generat ion of g ra t ing  lobes indi-  
ca tes  t h a t  the maximum separa t ion  between d ipo le  
c e n t e r s  f o r  avoidance of g r a t i n g  lobes with t h e  tri- 
angular  g r i d  configurat ion used i n  the  Reference 
System i s  j u s t  under 1.15h. It i s  understood t h a t  
t h e  p resen t  separa t ion  between d ipo le  c e n t e r s  i n  
t h e  Reference System i s  j u s t  unver 0.6X. The 
number of Rectenna dipole-diode elements needed 
f o r  t o t a l  power beam absorpt ion can be s i g n i f i -  
can t ly  reduced over the  number needed f o r  the  
Reference Systems a s  shown below. 
NUMBER OF DIPOLE-DIODE 
ELEMENTS REQUIRED 
(NORMAL INCIDENCE) 
Reference System Design 18 b i l l i o n  
Triangular  Grid Configu- 
r a t i o n  With Maximum Allowable 
Dipole Spacing 4.5 b i l l i o n  
Rectangular Grid Configu- 
r a t i o n  With Maximum Allow- 
ab le  Dipole Spacing 5 .2  b i l l i o n  
In  addi ton,  g r e a t e r  diode e f f i c iency  i s  ind ica ted  when 
the number of  Rectenna d ipo le  elements is reduced 
s ince  t h e  power densi ty per  diode i s  higher .  
PARASITIC REFLECTING DIPOLES 
Total  absorpt ion of energy by the  monopole i n  a 
conventional waveguide requ i res  t h a t  the  shor t ing  
p l a t e  i n  the  waveguide by approximately a quar te r  
wavelength behind t h e  monopole. This d i s tance  is  a l s o  
expected t o  be proper f o r  t h e  mixed-wall waveguide. 
Since t h e  shor t ing  p l a t e  corresponds t o  the  Rectenna 
r e f l e c t o r ,  and s i n c e  i t  is expected t h a t  the  shor t ing  
p l a t e  can be replaced by a p a r a s i t i c  r e f l e c t i n g  mono- 
None of the  preceeding a n a l y s i s  permits the d ipo le  
terminals  t o  s e e  a non-linear load f o r  t o t a l  absorp- 
t ion .  What is required i n  a Rectenna element f o r  
t o t a l  absorpt ion is a harmonic f i l t e r ,  a s  depicted 
i n  Figure 7, t h a t  p resen t s  a l i n e a r  load t o  the 
d ipo le  terminals  a t  the  fundamental frequency such 
t h a t  the  load vol tage and cur ren t  seen by t h e  d ipo le  
a r e  pure s inusoids not  i n  phase quadrature,  i . e .  
t h a t  t h e  l i n e a r  load has a r e a l  component. 
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FIGURE 7 
RECTENNA ELEMENT HARMONIC FILTER 
FUNDAMENTAL SCATTERING 
Specular s c a t t e r i n g  of the  power beam, depicted 
i n  Figure 8 ,  i s  expected t o  r e s u l t  from most dev ia t ions  
i n  the Rectenna's parameters..  The smaller  the  devia- 
t i o n  anomaly, t h e  broader w i l l  be the specular  lobe.  
Single,  i s o l a t e d  element f a i l u r e s  (short  o r  open 
diodes) w i l l  appear t o  r a d i a t e  a s  i s o t r o p i c  sources 
above a r e f l e c t o r .  
Ray of Scattered 
q 
, 2" Incident i n d i c a t e  a maximum of 0.1 dB amplitude f luc tua t ions  f o r  2-3 GHz a t  e leva t ion  angles  above 200 (which 
would cause i n s i g n i f i c a n t  s c a t t e r i n g ) .  
FIGURE 8 
DEPICTION OF SPECULAR SCAlTERING 
FROM FACE OF RECTENNA 
-Frequency is the power beam fundamental 
HARMONIC SCATTERING 
The Rectenna dipole-f i l ter-diode assembly and 
power bus a r e  expected t o  be most s ign i f i ca f l t  sources 
of harmonic s c a t t e r i n g .  The harmonic energy w i l l  be 
concentrated i n  g ra t ing  lobes ,  a s  shown i n  Figure 9. 
Random Rectenna imperfect ions w i l l  broaden the  lobes.  
ATMOSPHERIC EFFECTS 
Atmospheric phenomena cause po la r iza t ion  s h i f t s  
and amplitude f l u c t u a t i o n s  i n  an electromagnet ic  wave 
a t  microwave frequencies  8,9,10,11,12,13. However, 
only infrequent  depolar izing events  up t o  20 dB (1% 
s c a t t e r e d  power) have been observed i n  microwave down- 
l i n k  t ransmissions with g rea te r  than 1 0  meter aper- 
tu res .  Based on these  observat ions,  depo la r iza t ion  
i s  not  expected t o  be a s i g n i f i c a n t  source of s c a t t e r .  
There a r e  f a c t o r s  which impair t h e  app l ica t ion  
of previous e a r t h  s t a t i o n  measurements t o  the SPS. 
I n  a l l  s t u d i e s  found, the re  is s i g n i f i c a n t  aper tu re  
averaging. The minimum aper tu re  a r e a  f o r  those 
s t u d i e s  i s  about 5 0 0 0 ~ 2  a s  compared t o  about 1h2 
o r  s o  of each "independent" rece iv ing  element i n  
the Rectenna. This ind ica tes  t h a t  t h e  amplitude 
f l u c t u a t i o n s  may be appreciably g r e a t e r  than 0.1 dB 
f o r  the  Rectenna. Another f a c t o r  i s  t h a t  t h e  
measurement data ,  taken a t  C and S bands, were 
obtained from modulated s igna l s .  Most deep fades 
a r e  frequency s e n s i t i v e .  Therefore f o r  modulated 
s i g n a l s ,  which have t h e i r  power spread over a 
spectrum of frequencies ,  the  observed amplitude 
f l u c t u a t i o n s  would be expected t o  be l e s s  than 
those of the monochromatic SPS power beam. 
As of t h i s  wr i t ing ,  Novar E lec t ron ics  Corporation 
intends t o  rece ive ,  a t  i t s  e a r t h  s t a t i o n  located i n  
Summit County, Ohio, spec ia l  monochromatic c a l i b r a t i o n  
s i g n a l s  from RCA's new F3 Satcom* i n  order  t o  observe 
aper tu re  averaging e f f e c t s  and monochromatic s i g n a l  
fading c h a r a c t e r i s t i c s .  Aperture a reas  of approximate- 
l y  1200h2 and on t h e  order of 1h2 w i l l  be used t o  com- 
para t ive ly  rece ive  the s i g n a l s  (which a r e  t ransmit ted 
f o r  s a t e l l i t e  i n s t a l l a t i o n  t e s t  purposes t o  determine 
EIRP countours). 
*Scheduled t o  be s t a t ioned  i n  o r b i t  a t  the  end of 
December, 1979 
Amplitude f l u c t u a t i o n s  cause s c a t t e r i n g  by d i s -  
rup t ing  the uniform i l luminat ion of t h e  Rectenna. In  
add i t ion ,  t h i s  d i s rup t ion  of t h e  RF power l e v e l  from 
design values f o r  the diodes causes impedance mis- 
matches r e s u l t i n g  i n  f u r t h e r  s c a t t e r i n g .  Exist ing 
earth-space propagation measurements t o  d a t e  l3 
Element \ 
FIGURE 92 
EXAMPLE OF ELEVATION OF HARMONIC RADIATION 
FIGURE 9b 
AZIMUTHS OF HARMONIC RADIATION 
Figure depicts 2nd harmonic scattering for 
normal incidence of power beam when the 
element spacing is equal to X at the 
fundamental frequency. 
FIGURE 9 
GRATING LOBE NATURE OF HARMONIC 
SCATrERING FROM A RECTENNA 
"Dotted" lobe due to power bus. 
DIFFRACTED SIGNAL ENHANCEMENT 
A large object flying through the power beam over 
the Rectenna causes diffraction patterns to be gener- 
ated at the pectenna as depicted in Figure 10. Pre- 
liminary experimental evidence has been obtained. 
Depending on the size and shape of the object, in- 
creases in signal levels as large as 9 dB are possible. 
Therefore, Rectenna diodes should have tolerance to 
the resulting spot-transient signal enhancement to 
protect against overvoltage transients from fast air- 
craft and also against diode overheating from slower 
objects. 
i 
FIGURE 10 
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DIFFRACTION ENHANCEMENT AT RECTENNA 
CAUSED BY OBJECT FLYING THROUGH THE 
POWER BEAM 
CONCLUSIONS 
Analytic modeling shows that it is theoretically 
possible for a Rectenna to totally absorb microwave 
energy, i.e., produce no scattering. The number of 
elements required is significantly less than indicated 
in the Reference System. The Rectenna can be designed 
for total absorption at off-normal angles of incidence 
and it is expected that the Rectenna's reflecting screen 
can be replaced with parasitic reflecting dipoles. 
Further space-earth transmission studies are 
required. The application of existing data to the 
SPS is impaired because these were from measurements 
of modulated signals received by large aperture antennas. 
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